As elaborated in a recent review (Seil, 2014), we used an easily manipulable cerebellar culture system to study injury-induced reorganizational changes in a simplified central nervous system (CNS) model. The structural and functional interrelationships of the neurons of the rodent cerebellar cortex are well known (Eccles et al., 1967). There are five major neuronal types, including Purkinje, granule, basket, stellate and Golgi cells. Purkinje cells are inhibitory and are the only cortical neurons to project to other parts of the CNS, their axons terminating mainly in the underlying deep cerebellar nuclei. Purkinje cell axons also emit collaterals that project to other cortical neurons, including other Purkinje cells. Granule cells are the only excitatory cortical neurons and they project axons as bundles of parallel fibers to the dendrites of all other cortical neurons and form numerous synapses with Purkinje cell dendritic spines. The basket, stellate and Golgi cells are all inhibitory interneurons, their axons confined to the cortex. All of these neuronal types are represented in organotypic cerebellar cultures derived from newborn mice and allowed to develop *in vitro* (Seil, 1979).

The injury model that we selected was the destruction of the granule cell population by exposure of the cultures for the first 5 days after explantation to cytosine arabinoside (Ara C) followed by subsequent maintenance in standard nutrient medium. By light microscopic examination of cultures after 2 weeks *in vitro*, granule cells, which were dividing neuroblasts at the time of Ara C exposure, were virtually absent. Also absent was myelin in cultures that usually had bundles of myelinated Purkinje cell axons and recurrent axon collaterals, as oligodendrocytes, whose precursors were also dividing during the application of Ara C, were eliminated. Purkinje cells, in the absence of granule cells, survived in three- to four-fold higher numbers in Ara C treated cultures than in controls. The density of Purkinje cell axons and especially axon collaterals was markedly increased. The increase in the latter was out of proportion to the increase in the number of Purkinje cells, and represented a significant sprouting of recurrent axon collaterals.

On ultrastructural examination, the population of astrocytes was reduced and surviving astrocytes were unable to ensheath Purkinje cells. Purkinje cells normally have astrocytic sheaths apposing somata, dendrites and synapses with dendritic spines. In the absence of astrocytic sheaths, Purkinje cell somata appeared scalloped rather than round, with multiple abutting terminals from sprouted Purkinje cell recurrent axon collaterals, some of which formed synapses with Purkinje cell somata, resulting in more than twice the number of axosomatic Purkinje cell synapses than in control cultures. The most remarkable ultrastructural finding was the presence of numerous inhibitory Purkinje cell recurrent axon collateral terminals forming synapses with Purkinje cell dendritic spines (heterotypical synapses), sites usually occupied by excitatory parallel fiber terminals (homotypical synapses). This is in contrast to granule cell destruction in the intact animal cerebellum (Llinàs et al., 1973), where excitatory input in the form of mossy fibers that innervate granule cell dendrites instead projected directly to parallel fiber targets, including Purkinje cell dendritic spines. In this case, excitatory glutamatergic terminals were replaced by excitatory cholinergic terminals. In isolated cerebellar cultures, however, in the absence of extracerebellar input, excitatory terminals were replaced by inhibitory terminals. The abundance of inhibitory synapses in Ara C treated cultures suggested that the multifold increase in the number of surviving Purkinje cells in such cultures was a form of neuronal rescue, in that the destruction of granule cells resulted in a greatly expanded target field for the axon collaterals of other Purkinje cells (Seil, 1988). Key morphological changes in cellular relationships between control and Ara C exposed cultures are diagrammed in the top two panels of **[Figure 1](#F1){ref-type="fig"}**.

![Schematic representation of relations between granule cells (small circles), Purkinje cells (large circles with cones) and astrocytes (stippled regions around Purkinje cells) in normal control cerebellar cultures, cultures treated with cytosine arabinoside (Ara C) and Ara C treated cultures transplanted with cultures exposed to kainic acid as a source of granule cells and glia (KA Transplant) or fragments of optic nerve as a source of glia without granule cells (ON Transplant).\
The cones represent Purkinje cell dendrites and the knobs on the cones indicate dendritic spines. Inhibitory Purkinje cell axons and axon collaterals are illustrated as solid lines and excitatory parallel fibers as dashed lines. Axon terminals forming synapses are symbolized by horizontal Y\'s and non-synapsing terminals are indicated as dots. Purkinje cells in Ara C treated cultures lack astrocytic sheaths, survive in three- to four-fold greater numbers and sprout excess recurrent axon collaterals that hyperinnervate the somata of other Purkinje cells and form heterotypical synapses with Purkinje cell dendritic spines. After transplantation of Ara C treated cultures with granule cells and glia, Purkinje cells acquire astrocytic sheaths, their somata are no longer hyperinnervated, their numbers are reduced to control levels and the density of sprouted recurrent axon collaterals is markedly reduced. Granule cells integrate themselves into the host explants and form homotypical synapses with Purkinje cell dendritic spines, but some heterotypical synapses persist. After transplantation of Ara C treated cultures with glia without granule cells, Purkinje cells acquire astrocytic sheaths, their somata are no longer hyperinnervated even though the sprouted recurrent axon collaterals are not significantly reduced, and the Purkinje cell population is reduced by about a quarter. There is some reduction of cortical synapses even in the absence of granule cells, but many heterotypical synapses persist. From Seil, 1988, with permission of Springer Science + Business Media.](NRR-10-1045-g001){#F1}

Functionally, Ara C treated cultures exhibited both regular and phasic spontaneous cortical discharges, similar to control cultures. Also similar to control cultures were the rates of spontaneous discharge and excitatory and inhibitory responses to trains of cortical electrical stimuli. The most striking finding on extracellular recording was inhibition of spontaneous cortical discharges after antidromic stimulation of Purkinje cells in Ara C treated cultures, in contrast to increased cortical discharges in untreated cultures due to inhibition of inhibitory basket and stellate cells by Purkinje cell recurrent axon collaterals (disinhibition). It appeared that inhibition by sprouted Purkinje cell recurrent axon collaterals rather than inhibition by basket/stellate cells had become the dominant form of inhibition in granule cell depleted cultures.

The consequence of the circuit reorganization that followed destruction of granule cells was the retention of cortical inhibition. In control cultures with granule cells, parallel fibers excite Purkinje cells and basket/stellate cells, which then inhibit Purkinje cells. In the absence of parallel fibers, it may be difficult to recruit adequate numbers of basket and stellate cells to inhibit spontaneous or stimulated Purkinje cell discharges, resulting in hyperactive or continuous discharge. The development of a massive Purkinje cell recurrent axon collateral system projecting to Purkinje cell dendritic spines and hyperinnervating Purkinje cell somata had the effect of compensating for the loss of basket/stellate cell inhibition, resulting in normal spontaneous discharge rates and inhibition following cortical stimulation.

The paramount following question was what would happen if the missing elements were restored to granule cell depleted cultures? To address this question, we superimposed cerebellar cultures which had been exposed to kainic acid (KA) for the first five days *in vitro* (DIV) upon Ara C treated cultures at 9 or 16 DIV, after the reorganizational changes had occurred. KA exposure destroys all cerebellar neurons except granule cells, while the glia remain unaffected, thus providing a perfect complement for the Ara C treated cultures. Myelin was evident within 3 days in such transplanted preparations, and the percentage of cultures myelinating was comparable to that of control cerebellar cultures. Numerous granule cell nuclei were present in cortical regions of transplanted cultures at 10 days after superimposition, and the Purkinje cell population had been reduced to control levels. Also reduced to control levels was the density of large cortical axons, representing Purkinje cell axons and sprouted recurrent axon collaterals. Ultrastructural examination at this time confirmed the presence of granule cells and myelin, as well as mature oligodendrocytes. Purkinje cell somata were rounded, ensheathed by astrocytes, and the number of axosomatic synapses had been reduced almost to control levels. Most Purkinje cell dendritic spines were now occupied by parallel fiber terminals, although some heterotypical synapses persisted. The structural changes resulting from transplantation with granule cells and glia are diagrammed in the third panel (KA Transplant) in **[Figure 1](#F1){ref-type="fig"}**.

Spontaneous cortical discharge rates in transplanted cultures were like those in control cultures. Trains of stimuli evoked similar cortical responses. The most significant functional difference between Ara C treated and transplanted Ara C treated cultures was the absence of cortical inhibition after antidromic stimulation of Purkinje cells in the latter. This change was consistent with the synaptic changes that resulted from a second round of reorganization induced in reorganized granule cell depleted cultures by restoration of the missing neuronal and glial elements.

In order to determine the role of each of the transplanted elements to the restorative changes, we superimposed fragments of 7-day-old mouse optic nerve as a source of glia without granule cells on Ara C exposed cultures. Such cultures myelinated more slowly and not as well, possibly because of impedence of oligodendrocyte migration from the optic nerve fragments. Sprouted recurrent axon collaterals were not appreciably reduced, but the population of Purkinje cells was reduced by about one quarter, far less than when granule cells as well as glia were superimposed. Numerous mature astrocytes were evident on ultrastructural examination, Purkinje cell somata were rounded and ensheathed by astrocytic processes and the number of axosomatic synapses was reduced to control levels. Both axodendritic and axospinous cortical synapses were reduced but to a lesser degree. The structural changes are diagrammed in the lowest panel of **[Figure 1](#F1){ref-type="fig"}** (ON Transplant). An unexpected finding was the occurrence of clusters of Purkinje cell dendritic spines without presynaptic attachments or astrocytic apposition, although astrocytic processes were present nearby. Similar clusters had not been observed in control or Ara C treated cultures. The formation of spines in clusters suggested that they were induced by some local diffusible factor. As astrocytes were known to secrete a variety of factors, following testing of astrocyte secreted factors revealed that laminin was a potent promoter of Purkinje cell dendritic spine proliferation.

Subsequently, purified oligodendrocytes were applied to Ara C treated cultures, with myelination as the only change. Finally a preparation containing only granule cells was superimposed on Ara C treated cultures. Granule cell nuclei were evident in the host explants, but no myelin was visible and the density of sprouted recurrent axon collaterals was not appreciably reduced. Ultrastructural examination revealed bundles of parallel fibers in the host cultures. Purkinje cell somata lacked astrocytic sheaths and were hyperinnervated by recurrent axon collateral terminals to the same degree as nontransplanted Ara C treated explants. Homotypical dendritic spine synapses were present in similar numbers to those in Ara C exposed cultures transplanted with granule cells and glia, but almost twice as many heterotypical spine synapses persisted in cultures receiving only granule cells, suggesting a role for astrocytes in elimination of heterotypical synapses.

A timed electron microscopic study of events following the transplantation of Ara C treated cerebellar cultures with granule cells and glia over a 9 day period brought together many of the observations from preceding studies (Seil, 1997). Mature astrocytes were evident in host explants by day 1 and astrocytic processes began to ensheath Purkinje cell somata and separate intact and degenerating axon terminals from the somata. Purkinje cells were fully ensheathed by day 6 and axosomatic synapses were at almost control levels. Granule cells appeared in host explants by day 1 and soon parallel fiber terminals formed early synapses with Purkinje cell dendritic spines. Clusters of Purkinje cell spines began to appear on day 2 and increased by day 4, when parallel fiber terminals started to synapse with proliferated spines. Development of such synapses continued and clusters of spines became scarce by day 9. Heterotypical spine synapses were progressively reduced as homotypical synapses became predominant. Myelin was initially noted on day 3, and increased thereafter. Degenerating Purkinje cells with apoptotic features were present on day 2 and were reduced to a few by day 9, by which time the Purkinje cell population was at control levels. The sequence of changes after transplantation was consistent with the role of the transplanted elements.

Conclusions that can be drawn from these studies are: (1) Cerebellar cultures can achieve a degree of structural and functional reorganization in response to elimination or compromise of some of their neuronal and glial elements. (2) A further reorganization resulting in structural and functional restitution can occur as a consequence of restoring the missing elements. (3) As indicated by animal and culture studies, there is an hierarchical order of synapse formation during circuit reorganization, with axons of similar function having priority over dissimilar axons as replacements for missing presynaptic elements. (4) In extreme circumstances, axons of opposite function may substitute for absent presynaptic components, and the function of the synapse is in accordance with the presynaptic component. (5) When missing axonal elements are restored, appropriate synapses are formed, replacing atypical synapses even if the latter have become functional. (6) Mature astrocytes and oligodendrocytes may restore the normal glial *milieu* when placed in an area devoid of functional glia. (7) Astrocytes have a role in the regulation of the density of axosomatic and axospinous synapses in some neurons, such as Purkinje cells. (8) Astrocytes may promote synaptogenesis by inducing the proliferation of dendritic spines. (9) Survival of neurons can be enhanced *in vitro* as well as during development *in vivo* by expanding the neuronal target field. Subsequent restriction of the target field results in reduction of the neuron population.

While these studies were done in a developing system, which has a greater capacity for reorganization and repair than one that is mature, phenomena characteristic of development may reappear in a mature nervous system after injury. Strategies available to a developing system may thus be available for repair of a mature nervous system, warranting their continued study.
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